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CFD METHODS FOR DRAG PREDICTION AND ANALYSIS CURRENTLY

IN USE IN UK

by

P. R. Ashill

SUMMARY

Computational methods developed in UK for the prediction of the drag of

aircraft components at subsonic and supersonic speeds are critically reviewed.

In many cases, the flow modelling isfound to be lacking in certain respects.

Despite this, however, the review suggests that these methods have a useful

function both in the early stages of aircraft design, when they may be used to

study differences in the drag of various shapes, and later in support of wind-

tunnel tests as a diagnostic tool and also to 'extrapolate' the data to 'full

scale'. -
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LIS9T OF SYMBOLSI

A wing ,tart ratio R Reynolds number based on streauwise

r(,,) looral otremwint chordchr

Pp drag cerrictent based on wing S wn lnomae

planrnrm er.e T plane normal to free-str*.. vector
and downstream of aircraft

Ce) locAl Aireg nrricient based on
local rt"-rd 9 distance normal to the sing surface

ONf dreg ,r-rrjct.nt baed on surface a angle or incidence

Oc~l ow pe~tie dagcoffcint A Incremental part or

cowli 211)~ edagceriin non-dimensional spanwise distance

C nntinnpl irng coefficient per SUFFIXES
,,urtac. - r/

SAL balance measured
1rp1 dreg rotrricient based on frontal

ar" a body alone

Cr skin friction coefficient based f skin-friction component
on rree stream dynamic pressure

CL lift coerricient based on wing nomlpesrcmoet

pianrorm area T'V trailing-vortex component

CM pitching moment coerficient based V viscous or boundary-layer Component
on wing pianrorm area and mean
chord, nose up positive wav sCcomponent

pP repsurp .'nerrleent VA notional wing alone

P drag * rer upstream

M free st~ream Mach number

RN Mach number or the flow component
normal to and just upstream of the
shock

I INTRODUCTIOH

In the Technical Evaluation Report of the AOARD Conference on 'Aerodynamic Drag'
hold at Izmir, Turkey In April 193, it was Concluded that #a comprehenaivedg predic-
tion method, vai o h an classes or aircprt and based antirely on thoary, i not
likely to be possible for a long time to come'. Fifteen pears later, the wholly theoreti-
Cal prediction or aircraft drag to a satisfactory standard or accuracy Is sti1l not
possible. However. this period has een considerable progress in the development or flow
aigtnrithma, notably ror transonic flow. and a reduction In the cast or computations or at
least two orders or magnitudeP.
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These developments have encouraged the Increasing use of CPD In the desiln of
aircraft from the preliminary stages, through the development phase, to pre-production.
In the early stages, approximate CPD methods :e invisoid methods) provide the project
engineer with simple tools for selecting suitable deigns. Later, during the development
phase, increased reliance is placed on more couplex CPD methods, including, for example,
viscous effects. combined with data rrom csrefully-conducted wind-tunnel tests, these
methods enable the designer to diagnose sources of exceas drag and to predict the drag of
modified shapes. Used In this way. the methods need only be reliable in their predictions
or small drag differences and thus it io not necessary for the flow modelling to be pre-
cise so long Is the main features of the flow are represented. At this stage CD also has
en important supporting role in the wind-tunnel tests for

(i) Establishing a basis for slmulatlng full-scale flows In the wind tunnel and, where

necessary, extrapolating the tunnel data to full scale;

(1i) Calculating tunnel wall and model support interference.

Although the second application Is important It Is Indirect and is not considered
further in this paper.

Finally, before production, it is necessary to guarantee performance predictions
from prototype flight-test data, and, in this phase, CPD has a possible role in the
interpretation of the flight test data. Again, however, this aspect is not discussed in
the paper.

This paper reviews current UX CFD methods for drag prediction. Where possible, the
predictions are compared with measurement; otherwise results of calculations are included
to Illhstrate the ise or the methods in aircraft design. Because of limitations on the
length of the paper the review is not exhaustive but it is hoped that the paper gives the
rlavour or 11K activities In this field.

Following A dliscussion of general aspects or drag prediction In section 2, the
paper reviews methndn for subsonic aircraft in section 3 and for supersonic aircraft in
section 4.

P OKNFRAL CONSII RATIONS

Two Alternative procedures are available for obtaining drag from CPD predictions,
as shown in Pig I; the first or 'local' method Involves integration of the stresmwise
contri ht]one of the forces due to normal pressure and skin friction; the second is a
'field' method reqriring an Integration over a
plane normal to th- free stream and downstream of Method I "LOCA
the alrerart, ,r-.

The Susceptibility of the 'local' method to 1 "5 0,
truncation errors is well known and results
obtained by this technique should always be cs, . LI dlooso prssre
checked for the effect of grid spacing. The
'field' method may also be sensitive to grid den-
sity but, as yet, there Is little experience on
which to base a judgement of this procedure. Fraeestroo Cc, . _LJd fdis R frk")o)

Investigating the drag of an aerofoil
inferred from calculstions by an inviscld Euler
code. Yu et all showed that both the 'local' and If - AM frkils tasint bas free-mirgsa
'field' methods incorrectly gave non-ero drag for disask prmssu
a subcritical flow. LOck' attributed this problem 5 -bewe
to the generation or spurious entropy near the
leading edge. Thus it would appear that further
development of flow algorithms is needed before
the 'field' method can be used with confidence.
On the other hand, with possible enhancements In
mind, it my be noted that the 'field' method,
unlike the 'local' method, does not depend Cs -
directly on details of the aircraft geometry and
may thus find an application to the prediction of
the drag of complex configurations. s|ft c m atefrors t co ls

With the plane IT, taken sufficiently far fo spreo
downstream, the various terms in the 'field'
Integral my be expanded in powers of the pertur-
bation velotities (non-4imensionaliold with Fi,1 two NalISt af detrmiag
respect to free-stream speed). Look showed that,
to an order of approximation that is adequate for
subsonic transport aircraft at cruise conditions, this espression reduces to the classical
'far field' Integral which can be divided Into three components to shown in Pig 2.



Lock& observed that the
drag components of wings could
be determined most conveniently ONAG

and accurately by relating flow
conditions at IT' to those on or
near the wing. The three drag

components 
are treated 

as rollows: 

o

(a) wave vollX vicous XAY

On, the reasonable assump-
tion that the flow downstream of
all the chocks I i entropio and
adiabatie, wave drag is determined
by the reduction In total prea ure
acros each element or the shock
system. This statement has no
menIng for potential flows but
meth*od have been developed in UK
for Inerring wave drag from
potential-flow solutions. A fi1.2 Far lW saiysis o f Or sf % s es Speed
method for serofoils at subsonic
free-stream speeds due to Billing
and BoCC5, which has led to the development or the computer program known as NACHCONT,
relates each element of the shock to a RankIne-Rugoniot shock of the ese strength, t
having the same Mach number normal to and just upstream of the shock, MW . Billing and
5occ! al s assumed "hat the local flow Is normal to the shock. Thls assumption is reason-
able for Inv.scId nlows at high subsonic speeds but, in viscous flows, where the inter
action beween the shock and the boundary layer causes the shock to be oblique near the
merofoil murrace, the method probably overestimates wave drag.

This approach lae been generalised to wing flows by Allwrights except that, In his
method, no asaumptiqns mr" made about the direction of the flow Just upstream or the
shock.

In ca-s where details or the now field are not known or a rapid indication of
wave drag Is needed, a imple method due to Lck, is useful. In its two dimensional form,Lock's approach is |mlar to that or dilling and OcRl escapt that it uses the assumption
that the shock wave )les along the normal to the aerofoil section contour. With this
assumption and by retaining only the first term in the Maclaurin expansion with respect to
distance from the aeroroil contour for the gradient of shock-upstrem Mach number MW
normal to the merorilj contour, Lock obtained the foIlowIng expression for wave drag

P .CW .4 1 +O2\' 2 CMR - 1)4(2 - RN)()

q" ( NNO(I + 0.2MpNg)

here H is free-stream Mach number, kv Is the local curvature or the aerofoil
ection at the foot or the shock, deFined by the suffix 0 * an q is free-stream dyne-
mic pressure.

Equation (1) Implies that, for a given value of N0 , section wave drag In Lock's
approximation depends only on the local radius of curvature I/km . This Is an
appropriate length scale so long as either (a) the asrofoll curvature changes slowly
upstream or the shock or (b) the height of the shock penetration into the field is small
compared with ]/k w . Thus for wings with both a surface curvature that changes rapidly
with stre mwise distance and a strong shock, Lock's method may be expected to give
inaccurate predictinns or wave drag (see ection 3.2).

3ince Lock's method utiliaes the assumption that the shock is nml to the aero-
foil contour and S based on wing surface curvature, it does nt include the effect or the
viscous/inviscld interaction between the boundary laer and the shock.

Lock modified equation (1) to allow for wing sweep by using the assumption that, at
each wing section, the flow is identical to that over an infinite yawed wing having the
same sw#ep as the shock.

The determination of wave drag from solutions or the War equations is less
stralghtrorward than It first appears. As noted above, spurious entropy is Invariably
produced upstream or the shock from areas such as the wing leading edge where there are
repid chenges In @hape along the wing chord. Thus wave roa calculations sed n'the
field method can be significantly In error, Attempts to iner the wave dreg from the
entropy rise across the shock are complicated by umearical errors in the region of the
shock. Methods of dealing with this problem have been discusee by 3ells? and Lk'.

(b) Vortex

In order to have any reasonable prospect of calculating this component directly, it
is necessary to ignore the roiling up of the tralling vortex sheet. Considerable



simplification Is also possible IF the downward inclination of the sheet Is Ignored, the
resulting expression being the classical contour Integral around the vortex trace In the
Trerrtz plane. This approach is probably adequate for high aspect-ratio sings at low to
moderate lift (CL O .5) but for low aspect-ratio wings at high ifrt it met be or
questionable accuracy.

(c) Viscous

In two-dimensional flows, viscous drag my be Inferred fees the solution for theviscous wake rar downstream but this woul d not seen possible for flow ove r finite Ingebecause or complications arising from wake-edge conditione . Therefore, for wings, or If
antaccurate solution Is not available for the viscous waite In two-dimensional flow, an
axtnded version or the Squire/Young formula allosing for compressibility and wing

sweep
5
.
5
l may be sd

Unless otherwise stated, the Irar-flold' method is used In drag predictions
discussed later. As shown in section 3.2. this simple framework for anallsis cppare to
be justified for subsonic transport aircraft at cruise conditions. Par f ows with powe r-
ful Interactions between the viscous shear layers. the ehook waves and the trailing Tor-
tices*. a decomposition or this kind is no longer valid and the scope for diagnostic
studies accordingly limited. Furthermore, overall drag would then have to be calculated
using either the *local' or Field' methodls with all the difficulties that implies.

3 METHODS POP SUBSONIC AIRCRAFT

3.1 Aerofoils

Methods for seroroils are viewed In UK as a first step towards the development of
satisfactory flow algorithms Forguine nd, as such, have been used to test Ideas on
various sspscts of flow mod:lling. owver. aeroFoil methods have progressed to the point
of being pow-rrul design tools In their own right and are currently used for tasks such
55:

(i) selection of wing sections;

(1i) design of Flaps and slats; and

(lit) extrapolation or tunnel data to 'Full scale'.

The majority of the methods currently In use In UK (Pig 3) are of the
visco~us/inviscid interaction type in which calculation oF the two parts or the flow Is
perform-d Interactively and Iteratively to numerical convergence. A number of numerical
schemes are used namely Direct (which Is only suitable for attached flow),
Semi-Inverse (311 (which may be used for separated Low-seedathisi
floss) and Qussi-Simuitaneous (QS) (which is ALGORIsTRlS
equally effective for both separated and attached CODE *RIGA1011 NVISCID -netVmso- viscous
Flows). Full details oF these schemes aregvn SI WN$ or Pt-11 i M10"In the review by Lock and Williamstl. egvn ~ WS' S~c la s1 Lm~s

In the remainder of section 3.1, the mbDA ft"Is des _46111 L p h
methods summarised In Fig 3 are reviewed methods V~eas KW'ie'
for low speed (and high lift) being considered in msfed Ist
section 3.1.1 end techniques for high subsonic 1 11.1A seek owe uIke"I "a. sr wae
speeds In section 3.1-2. of 1@151I~S. po

3.1.1 Low ased

UK methods for calculating drag and maximum
l irt oF aerofoatI a at low f ree-s tream speeds may be 61
summarised as Follnws: 1ANete11 fasrrae

(i) IP (Semi-Inverse Viscous Program) ~'' ~sea t..~ Iste
This methodic Is restricted to single saero-

toils, and as Its8 nae uggests, utilises an 3I
scheme, wdth a aurrae-sinrgularity technique for
the inviscid flow and Integral methods for the WI o a61S a Ss- Owe~h~ Let Wise
shear layers. The turbulent boundary-layers areLok1 Rae
calculated by the log-entraiinment methodil while 401o.I
the laminar layers are computed using a dfA
compressible version or Thysites' methodi

t
. M

Further allowance Is made In the turbuleant 41111 WVeed dlt$ 11Isebs
boundary-layer calculation for the effect on ski 1 IVR a weeks -411- i 0isi
friction of' low Reynolds-number (Is a local value 0.
of momentum-thickness Reynolds nber, RM loe less, .h ~ m-.. 59
then about 1000). However, Pg -is not al rowed to 10 a r;W"N.O1O 431- 16
fall below 320 just downstream of transition, mefwI
since this a natural limit for 8 fully-developed _kr_
turbulent boundary-layer. In addition, the secon- l ~ LE - La Istiesn
dary influence oF flow curvature on turbulence
structure is included In the '1sg' equation. N93. U.K. (PD methods for oersed drag tereikilee



Pinally, tit. sitandard shap.1aroeter relationshipil Is replaced by one that Is wore
sulitt for Roper, t.d r ow.8 No allowance Is made for the 'higher-order' efrects In the

atrmia fnm.19 o-ilnt oqijsttni duo to normal pressure gradients and Reynolds normal
.t ressee. The lttter 'higher-order' ,efrect, which in the more Important of the two, in
no't Included hesc evirrelations or tt' are or doubtr'ul validity ror flows with exten-
?iiv. regions or sarartion.

Wil) the meothod gives 20 4l.W 17 it, R 1 W
close ,predictinsi or maximum lift, (I

asiiustrittmd fmr two dirrerent//

muchi lower drag than. that m-Anured /'"'/

on the peroroil lA( W)-2 (Fig 5). 1.2 1" .2
'him dtscrppnfey might h,

explained by renuita or calcula- //
tiona whichi iiiigr.t that the train- Is 14' Inthl,1 ($ / 1.6.c

aition trirs Iuped- in this 0 .Pe:,Ast
esp.'riment w-re no~t aderlut. over 71V
thle enti re rang- or incidenicon 6.

tax t -d. The neglect or the
Reynolds normal-Ptrens term moen-I
tioned nhov- mAy Ai,', h- . 9 4 2 i

r ~~ ~f r et AEA 4412 M 6MW)-?

The vilcroun 'package' In
thin proetnm hoiir "on written so Fig 4 Variation of lift (Oefftitso. CL. vith Ingle Of incidence. a.

thlit it canI r-14ily b-ecoupledi for 1.0 serot oils
with othe, r I nvisid methods anil
It hoe sluRo been ,sed In the
F..MA and Pritishi Aprospace (RtAe)
FO-lr Pool- des.rlh-d lat-r. 09) pn

(il) tllLViI (hisi uitDesIgn and Analysis) (0ICO"e

Pevell~i.i eacilvi rio..s over multi-element
5r'i'l v.i~i* nrihlli"' uses the [Direct -ouplIig
s-e,,-r fhl- onrlier MAVtnl

0 
(MIlilple Aftroroil

Vlucir i- Iteatve Svsi-m) program hut has Ail improved
,i~i---,lieui~ii nitlio rnri thie (incouuresni le)

Anv-l ]i'.'. it hiTVI, the turbuont binundary- -05 -Mu. It 00 17 1i 70
Ily o. -n vIi lu'Ivit ,.siie mcc raciiAtped 

t y the lAg-
euiiai~u~eu I meli-. ii, nli'wance Is Milad for
'i te-oIei of Iii ",1 t h- ntr 2-esu15- iuom-nttim Fig S Variatison Of CC w1111 EL for GAtM-2

I-i t ,,, -i ' 'u t it irr tn- lrufueiur or low sertifol. R It 4.3 - 104
ietio 1'1 miu.vi"' 'ii I ,i it skin-fri ction Is tncluded.

iMeurii1r 4 tie msii-n from i'-trerim elements with tunindary layers is catlculated by
itu. 1ii0eru11 m.'uhu' ,r Irvin''1 And mno rorently by a method due to Cross

t
l.

Siiic tho. iiir-rth schuem- In ,Red, the method rails where separation occurs and thus
huilcs~riAIlnm orccurrinK in re!-ontrant or 'cove' regions are empirically modelled.

res'lnor lirt anid drag for a three-
eIiimn-qi nciori, 1 11., 1~, ,, I n 7i 1 1 T.Ihe viscous- -

liidi"" . III I irt f. .iel rr- iot.d for aingle)-s~J.~
or ii duc, IV to ;(i' huh, aot higher 20'
xan'v tin' I low separates rn tho main ae-rofoil
andi iisquewttly the oi-tiiol rails. In Rer 9 it is
Pritil-I tlist thle r,-1 mixt-miut b-tween cAlciola- Ivsi
ttip RIO moantircmet.t at q - 2n6' is to some extent -a-HIDA I
rertiiltni, the lift on the main aeroroil being 0 EperimentI
ovorc. time~ted wil tile lift on the other two ele-
incur II n iindrptimitod. i

Thto ontimatent of drag are rar lves satis- 49
factory epeitlty as the stall ts epproached. As140
well s tis omission or 'igher order' effecta l.6 -
referred to ahove, ropsible reasons Include the I
15.-t or "ompressItilitty errfeta In the calculation 111
or the invierId nw and the Inadequacy or the /h
modelling or the. aerofoli wake In this region or 2.1
high rlow-ilrvat,ire shove the flap. Pif

(III) FEL A PA IItt Element Multiple Aerofoll) is

As Implied Above, comnpressitillity can exart 5 A 2 l A.flo 0 Mo? 6.MA (0

a siigntificant iteririnco on lnw speed flows over
mutiple-lement aerorolae Ait high lift par-

ti'oaciy whvere the riow. aelerates to high
a pel lca l,-g at the leading-edge slat. Fig 6 Variat ift1 with angle ot iniidenlo and

PIMA Ireproenni enmpresintility in the inviacid drag far a saltilement srefehi
flow hy ivinje thp exac t potential equation



numsrlcsliy by a rinIte-element technique. As noted previously the viscous shear layers
are ca)ulated iy the method ua*d in .lOP but, in contrast to HILOA or MAVIS, FELMA does
not represent the mrrging h-tween wakes and boundary Ilyers. The option is provided to
use either $1 or 05 cojplinga, allowing flows with separation to be calculated. Of the
two achearss, QS is the moar erficient, being raster than SI and not requiring a switch from
irect coripiout for tir* ittched portion or the flow to 31 coupling in regions ofa epa ra t I or'.

Comparisons or predictions by FELMA and
messlnrementst or lirf and drag are shown In rig 7 I__Vis i Flt
ror the i41,11 1301 aerofoil/flap configurations 1 V
and P. having, r-sper tlvIly, rlap gaps or 2.6%
and 3.3% basic Aeroll chord. The calculation or I
maui.r lift is it, r-aontale accord with mesire- / .07
meit for tii, largr or the two rlp gaps but ror 1. TI
the scalior irni tivo axim,cm lirt is overestimated,
possibly becalIse in observed interaction between 19 /tie arnfoil wake aid tie flap boundary layer Is
not represnted in PFI,MA. .5 Oak

Whle so e enroiragement can be drawn from 1.0 P.
the drag predict I, n in Fig 7, it should be noted 1.5
that tire 141,11 cari itAion, are somewhat idealised
Ili that they 'In irt represer.t a 'cove' on the main * N 1 * a iU .ii-i
ilr'foti. It romltii to ho seenT If PELMoA orrers a a
Improved a ,c.y nvyr thlat or iifihA ror more sinflturrtln I 12.A% gistlp1
prictical ctiigoiati ons wh-re the merging or 0
wak-s from tPreAm elam-drt and boundary layers (t / Oil
cay be it Impo)rtAilt fec tlro of the flow. 35 / Q

rrrds thin rpr'l-tic of drag of high-lift aero- 2
/00.

rtil is riot aitpnhir satisactory. Ther are i 00

res~i I e vele ts1 arises becaus, Ofi 20 .11 e
,etCt in 11- cilellhi of tte wAke or the cain M 00

as-r '-l II tilie i-Pl, of iiighi flciw-curyartiire is' -
alor- I),- 151. I n lls regtint both stramalse 01
ant -rosswie r'-i d

"  
adints are large and S 4 I 12.16 0 5 1 10 12 14 16

1en- ti rnw tore Is hihly -Il ptlc In a

char-ct-. '1t1 , -I ,nicier tn ao11lava thi requlred Confilguratin 1 (3% gapll
c-i i-ac, I t m y I-e ri-ca .try to i.- one or the fig7 Lift and drag versus Ilcidene NLR two element

new eririet o of methos for solving the actraloil/flap) configurations. 2 a 2 10
.

ileyrits ayevritl0, ivlaier-.Stittks equation'
0
. if-w- M = 0.195

ever, the rnsthel will ntily be able to provide
thi~r ros0Zry Acc-i-y If t'iriu lence Modela are

i'-i~l Wi , ~0 ''-~ - iPhalyenryeA weniftdjl

3 III lithapeed

P(ceuse- or the importonce of being able to estimate accurately section drag for
trairstert-tyc- winps, e.mphairs ha been placed In UK on the development and validation of
trariservl- low -. 1-. (Pig 3). M-thods currently ravoured inclide those based on the
ssrniptin tha i tlie rivitsid rnw is potential and others in which the Euler equations are

,ts-i - atimlar- the, 'out-r' flow.

I I) Methords ,.sIngpgotentIal-flow approximation

The codeV It.'
1 

his bon the mainstay or wing section design and analysis In UK for
over tari years, having ,uporsedd the transonic small-perturbation code VISTRAN''. OK
rouples, Ini tho 11rect way, a numerical solution of the rull-potential equation with
integral crilhods for the shear laers the laminar and turbulent layers being calculated,
renpectIvelY, by 'liwwitMe method

I
, extended to allow for compressibility, and the lag-

nt R Icti- .- t tn-i I ' .

In enral, 006 gIvem satisrlictory predictions or drag for attached flows but.
w-cr' flow napiarttit Is approached, the method underestimates drag by a significant
margini as irowi lastor. Tire cause call be traced, in part, to the neglect or 'higher order'
errftf t thin slreewlse momentum earition and In the matching between the viscous and
Itivictid flow. A revised version or the program, known as BVOK, has therefore been deve-
loprelia Ini

o
ralllr then rrets togethor with corrections to the Iag-entrainment method

similar to those it, Slr described previously. (A slightly different shape-parameter
reiati'n ii, ronm lhrit of slvro Is tised which In considered to be suitable for flows with
tralling-ladre separation).

frg is cslciilsted In LVK by both the 'local' and 'far-field' methods. However,
for rean,,na givor Ili sectin" 2, the 'rr-field' method S generally preferred, and predle-
titans or drnp 1,y PVrK slid VOK sinnn later have been obtained In this way, using 4ACHCONT
Cn the ambhroirt no for wave drag.

Fsacples nr preditlornt by VhK and 5VOK of overall forces and pitching moment are
au-hwn i" fci7 P fr a series of Iri thick aerorolla with relatively-large rear loading.
Tlne filre Is t-eli from fluAf 7 whr- details are given or the aerofolis and the wind



tunnel measurements used In the assessment of CFO 55
methods. Here It sufficea to note that, at the Ir'x
lower of tke two chord Reynolds numbers, LI4 s '~ '

R *6 fow separation Is calculated by BYOKsi
to occur on the uper urac or three or the 0, ~
aeroIroiis, RAE 5225. 5230 ancd 5234, the chorduisS -.- V
OsItlons or the separation point bein at 991,
5; and 981, respectively. for Cl 0. . Hoee to or,

these flows present a challenge 6o CFO methods forI

predicting drag.

Pig 8 reveals that the predictions or drag Itt

by BOK re n god greement with measurement for *

i oa wItwa shocs at both Reynolds numbers.
Therefre,! by Iicatior, BVaK predicts accura-
tel the diffeirences in drag between sections at a *~, ,
-vnRyn d numbers adbtenReynolds flue-
hers for a giveal section. The Improvement in *---" ,

agtreement with measurement compared with the pro- *
dctions lby VO is especially evident at ., ,'/ -I lit

R *6*i' whre. as noted before. aeparation iso
cal c;Ilated,,to occ~tar on the sapper surface or three , -..-
or te erfl. However, the drag estimates by

a VGK are Ileasos stisfactory where there Is alignIfi- *.. tools ts #0
cant wave drag (Art0w - o.00i). Two possible
expIasastloris are give,. Ira Ref 23. one related toothe fact tha MAC lPONT assunmes that the local flo L A'J 1-

Is nrltotesokwve slid thle other to thele

loadlisa ror flows with significant rear separation S
(noaby AE52';. Astaady or possible causes .C

f .r tile latter ef fect sIgst ht the correction o"mvi I o11t
to turbulence st ructure foraftlowlo cu. vataa re Is of Fig I tft. lot S.Car ptlhIA& ewevif cur.,$ s ii IS
dotittfui validity for separated fnowsc and Is pro- a . 6 .0 & NS .*'h1ll .1' R AtS 1301
bably best Ignored In such cases. The result of neglecting this correction Is shown Irn
Fig 8 for RAE 5236, the modified calculation being referred to as -CURV. The Improved
predict~ons of rear loading with -CURV lead to estimates of pitching moment a,;d drag at
the 'drag rise' conEItion In better agreement with measurement.

A version of vuK Is available with allowance for wing sweep. Known as SWVGrK, th~is
method

2
4 represents the influence of cross flow on the shear layers but does not include

effects allowed for In BV0K, which are known trn become Important for unswept, aerofolls ase
separation Is approached.

Tieu accuracy of the predictions by thils method and also by VOK and BVGK or d.ag
dIErfere:;ce 3 between se,:t10ria arid between Reynolds numbera have been studied by comparison;
wr Iih daits from a pane) wing swept at 25%. In this assessment, the effect of sweep o,; drag
In VGK anid RVGK is alhowed li a simple way as discussed in Ref 23 which also describies tile

aealofcl se-t I'rs ai the wind-tunnel tests. Here It may be noted that (a) section drag
was determined by thre wake-rake technique and (b) the wing was cylindrical, of sym-
metrical section andl was tansted at zero lift.

Comparisons are shrown In Pig 9 between pro- wfi
dictions and measuremsent for the difference In the IvGe1
notional drag-coefficienit per surface COS-C/2 coN~nw.

between the two sections RAE 5237 and 5238 over a so..so. 1'.. kvG(K
range of Mach neasbors. These sectins are related As.. tows ti.0 ". I.,

th~rough calcualated houidary-layer characteristics WM 0%1

close to the trailing edge to the unawept aerofoll 61s
0 5

at -KOI,,4
0
.u....

se ctions RAE 5225 and 5230 (see Pig 8). Of the * AL
three methods, ttse best agreement with measiurement 46464

is obtained witha RVOK, suggesting tirat the 
effec ts (Do a oi

shown ito be Important for unawept aerofoils as 4 I6
separationwIs proached have a similar sIgnifi- ei

rence for wIngs of moderate sweep.

Else effrect on ties variation with Meach 6 1 1 Si'

number of the drag coefficient CUS of changing

chsord Reynolds numbler from 6.5 . 106 to 14 . 106 fit05  a5 ca I .
iosahown In Fig 10. Again, the closest estimates loo
tofr title change are obtained witha 8YOK and this
figure taken togethaer with Fig 8 shows that IVOK j ~
has a potent ial ly-uaeful role In tes extrapolati on 0"01~~--
of wind-tuonnel data to 'full scale', at least for
swings or moderate sweep and high aspect ratio. ___________

(ii) Methods based on the Euler equations F 41, hiolatl drag p Surtace *I RAE S2311
viit.to that ot RA[ 1111. ivipt

A code for that numerical solution of the #beet 1.41t
Euler equations basedl or, the finite-volume method
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of latmes-n et al'' hAs h-vn writteii at RAe
Piltmn'". To rervilt detailed comparison with
experimaent, oiittwenco ham been made for viscous
effects via the I-1hod duie toa bfiliama

1

euIng an SI eiplln~g and including certain
!o'i-r-order' effects. fliag Is computed using i ivoaI
thte rar-fteld' method, the wavP drag being 9r
Inferred from the lomA In totI p ressure across

zl we I Al

nly limite !n-rartmons with measuremaent
h,4- be en bthlve ut theve indlcte. that the W.a - KO,
Mth~iod give;s acui,t rdi in of dra rfor the

ae~ ios R P>1,
t 

ao ?in pitt high Reynold number fol"

fleoen ly, 11ll'' hap. developed a multi-grid 51
schleme for Anovltit the Fuie,- ejuriinn which when
comtlblned with t-1.hoilue, similAr to those met- s.
tinnel Atove ror solving the shetir-flow equittions,
promloes it method ror calculAting viscous t,-&n- "fm-1, fi cove- roo thamt can represent

sho A-e t,. l .),I)- hnfp~ nn store costly

.?tt hott''V ty r-r e amt for

rot - tn I It - i--0 rIc e flwaronid a. roro; 1.09tse at t.0 -ell Rly-14% avlitti5
willt1i ItA -~ It,,h wCotS of Ue-ierill et st 5 .6S* 35.ld R 14 RAt
l -t tllf1 %,r-rt I I-. In tll me-thod, neynolds 52116
vtee -- ctcl.~ I, -o 111 o g the eddy-visco I ty
1,yt-' t,1 o~ti wied -i, a algebril torbulace-

leT ltu* th- in-!1 t probAbly not roliltblP

l, r- rn- Ithj rt-e- or

m--- -rt wt F mtp r- either Invircld or
Sc ~ ~ 1' Cftt ~ lld int-rsoLIon type. 'Ph-

1-I ateemttl r. not ase

f*flet.v.' s i,tifioo fr flrows that
s.r.- etSs ~t and -,ooqtjently cannot

ye pef - 'It f rg of odrn wings wi .h the!NOS
soottrv-y ~ I F~sotott1 igs 8 to 11. Oenerally, 5 u
th t~t v-'1-- i- I1rort couprling, although toale *

-o1 Ir t 1 l'y- in *,t arpoximat- way In r ~ ii.~
ooeme ho~ se l~.r . Deptt lacrking the mc tl- to

ri-y 01the Ior-rfcI mothodso, wling techniques, fl
"---1 it 1-. -0tt oaporfenco. ar. invalluable "

RIlet t- Ir,. tv1,1ttg tl,- facility to identify
".11 ,,lrt , t i I., Ii m- l-A I sti r -e of ex cessa

r ' I t, IC tit metod. Of the panel
I.fr o t ;tct ft to ftrie' 1  

(srARVl A) ~* * .
I e "~ .- 1 8,1td is th- subject of

009it, I't fee -0o . Aliou~ner In incluided In
1-,mt~If ti- eff-ct of wIng boundary layers'i. ,

TPh 1 1t "_ II tryi, satte I-parturhation method [ ltb

of rAltone et I ' af iti, vi:cous afet Incor- CiP a i

t.mots r'ut ee ftll If-otCot til i ad Eutler

mhods. Th'fit 11-tet,t im methond of Forsey and I0
Camrr'

5
1f IFr Its, te us-d ror several years and ia ilge.. nra1ly t-xit-d4-1 as A good Pavatale Or a mwet hod

cf thtle tvpe. A versltt or tile method, due to .
Arthu)r,'' is aVailable witl Allowance for viscous _________________
effect, (VFF). i ttiIly , RAe PIlIton ha Is It aq a67 ~ ft
prctrcI.me a Atte-tffmetisinnal veralon of the

:uleormethod rcf'red to in section 3. F;i ti 11l Astam ts of5 it" lool will, fll

-pfo~& Afe eI, r layers ari " alulAted on the tfwa.Rsl
s5~mijonn of platter flow at eatch streamwilse ace-4
tion "ll! the aelittfon cole'd to the Inviscid-

'cv re1l'1 of ctmpartmanns 0f dre reldiction@ by these meithods with wind-tunnel
"" I e IV , I "t 1v , al or ruiat In, n .m consequently the remainder of the section Is

rnvi-nncl wIth mat,f . f anamlysing the drag of wings from Information rrovided by the



coesbaed onethe classca fait approach described in section 2. Results of se~-
lysi ar preselited to illutrae the power of this approach In identifying sources or
excess drag.

.1 Pontl seibsis
An analysis of drag is shown for a XVGmeID VISCOUS

Ing/body suitable for a transport aircraft .. M1M.DIhilT-
comprlsing wingpof,, aet rato 18 wit a 11., 1 . a . ...* "I". P11 $m.d.
leading-edg sw eep of 26and a tralling tedge *s..i 6"d sW. bl.5rt",;W eIs.1

a weep outboard of the trailing-adie crank of 14' .01~iiI5~
(Pig 13). In addition, a study or wave drag Is
presented for a wing represntative of that of a

a ubsonic combat-aircraft having leading and %.I a iSoa. la-, PoNI-
1s 1~ 11g edge sweeps 39 * and 5* and an aspect We. WIN.

ratio 3.3. Posmna Sort. 0610 V~ As

(1) Tfransport aircraft configuration b)FN01"

Comprehensive CPD calculations are not As*-. NO a ho& iswa I t ionS. I*.I-

avillabl for this configurationand so the anaiy- will I Mlao iaIr."e,,
al i prformed uIng wing sura pressure* I&"~

measured on a complete model$. Limited calcula-

tion ofwingpresures for this configuration by
both the RAt

2  
n VPP3' codes have been found to

be Iin re as onable a greement with measurement (made 1s.,., 9 C.1 NO pts Sa 011.
In the latter case onl a related hialf model). Wo -1 it

Thse form ofaay Is s Illustrated In
Fig ill. Th e body-drag coseffricient COB Is deter- 4
mined from tests on the body alone, thereby s. lal .,MIsI*)j
scolng the dirfflcuity of determining sting P4. 45~ W.. S~~ A 50r

I reec Note tat * in choosing the ordinate , ..n,
for this figure, use is made of the fact that the ______ ______ _____

vortex drag i3 close to the minimujm value for a
planar wilig hy subtracting from the drag coef- I~j I2 UK CO methslds to, -s111%

ficient CiBAl /"q vhwtere A Is wing aspect ratio
and auffi, RAI. refers toi force-
b. )a_-, measreiei. The small4&:
exctlss vortex-drag coerf I ci ct.-.,

ArCDTV - LcIV - 71 , /.M -- I
Is determined from the measured I ~
Treffz-plane method referred to pailaig sn h ls in Ij

ection 2. Two alentive l
vortex-trace modelsihave beeii con- F

s idered, one allowinig fr- the hody
In a simple way anid the other
representing the trace as a planar_
alit of th~e asam sT as the wing. 5,, -II
%th leatter model a coen for

the analysis on the basie that It
yields vaiussexof overall1 liftain
closer Agreemvlit wi Il the hI anee- Fq 1i N.M.. .1 .Sr *Sos ~s... ,5

meaur'ddvaluesothan th~ose of the
other ) e I. 11 wever, t e eslcessa vortex drags

]vei Utse two mnlels do not differ by much
A .OO C) I002 suggesting that, where overall c

I ft is ksnown accurately from some other source
(in t)lSo case the force balance), the drag I
analyis is not sensitive to the shape of the ~,
Vo0r tex tra ce.

Calculated values of aCiyry are shown In
Fig 15 plotted against lift coefficient for i
various Mach numbers Ps cept where there Is a -

raId Incrase in v .t drag with lift, the
esess vortex drag varies slowly with both lift -'u

and Mach number, the sudden Increase being attri-
bitted to then los i it onl part of the outer a

wnIig following flow breakdown.

Except In special cases, the Integrand of
tire vortex-drag Iintegral or 'local' vortex dra gcannot be related to sectional drag; however there
Is a drect relationship between 'local' vortex
drag ad span loading, end, in the present case, 1 a, of a1 5. its 05 a,
t::etcause of the non-zero excess vortex-drag Is
that thi outer wing Isa relaively lightly loaded
Compared ail. the Ideal elliptic loading. SqiS -rl 0ss~,. I I #III
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As RI " we ll I s io I the vor-
tex dragt or wtigs Witt) non-planakr
vortex tras (-g wing/ainlI.t
contiguratiotia) can ie below the
minimum rnr planar winai or the

rm span, and a tehn 'ue tor Oil,
calCiilSting the minimum vortex
dragn or non-planar contguratlon
1 V4 been programmed by sasosA Not

Sql " note r i ce tto ,
boutiry- I iyar luaul it Is Rt the
trAl I ng edge isi ng ni extended
version ,r tI l. n-plire-Younjg
torii', R Ifhe turtti lent hndunlArvy __

layers ar callted using the 0
measnr-d pressure uiitrihutionA I S S 5 ' -mu.m'

and an 'inrinltr tapered wIng' fit] 1 ., ae 's,,

v erAinn' or the IAg-entrainment method. Comparisons with the potentially, more-aceurate,
thre-;dm-nstoual or ,mta suggeata that the 'Infinite tapered-wing' method simulates
a1,1,1 fhr tr. rts in the present case except elose to the t!p and the

typical qiu iserftrthu- 55
rqnV

tt~~u'i r fdy viri rrng~ rOa r- "

Fig jut. for t --n-. . fhe

r;ltf'l ya IR I'.F r In bell r1 N S...

,larr n-d r cof f ln f tre '

tl,in'from niy t-k' rn
+ ' I 

f t wC" h ealdf~o eto ,tat nt ehd

eueef'ii w~ll, tgro.lfi Iu
vii-i sire*guli m wI l turt qui t t p

" k i..1,]ivtit ni f tunn of the ot

f --uir 1y"' I I rei1 r
pl 11k "0- 1.i 16u f ii" d g

i e t- h - It in h e r ee d f o e c , th n ta 
ps 'uefeeeir 

-

eI P ,rffiui f-i,-. - - r kvr on.tl With e ho . Thee t th e i ns re d s t ne b

'.li .eeAtidf eo" f' fe 8t ry prd jure t aon r t u st r the o Th

1* ,- n, ,r @ , n % '- -f'avrc on th pi crvna ee , t e uvture or" t e b u d r la er and a sumin

It, Ih 1 r ,nF~ r th mn rn in th e fedi nfete ytevraion or" the curO-wfei" - "J_ t mk. ,,hpr ci, 0to or ,rc n-
-;,w i. i to avc a' ahead of the

C irh fe Iv H-" il r n th-e ins t u am . ''e cuv 4'rSq 
o
f e

lt rI o I hi 'I , .ln .mqm, i n k h- see, n ofto be wh -- fck.le, e
rrI l w ih n or th,' diva wtve -dr a

oafelq ifat.d by f h.' winurdf Itwl hm recth ed r m n,

I oM u f eufi wth, dsac nr to the w au/tte i d ee d

whitn ateltaifie 'R irvire an th ati or surhe ata um
In *ioiar 1,t ig P r n g tf i sct n th o cs

that iii.II .treSf' fi n-rt~riflien= thoer tin ise unat edb thevriton a surtaeu-

a ie- uo g lie cWit mnlift ora t ot tve c t ee a t s

neiii r1 e ' o i, c-, l i I ion x o a h raid v rain or stemiecuvtr hedo h

Inu fl - tl,, , t 'le witi e v n tpent cae the cuvtr a eaehw nl see-

I III re i'm t ' mfnr fIn i sn thereono h a the shock

It% q vI,to-Si va io ni o th lca wvedrag. oprsn it

o trtenf it a' iihat e ry oecl method are Go 5

sl-C'. In It A " t oge, fo it the nlc l contribu-al
tor fl o ito orI, l'w i/n tar Itor trnu d .a 8. The
cilrr it in t av 'ir'in is aotea the wi

oa lr-1 0 -tile Ai r to-edg whc a is seetowen fiti

gfu'f ~ ~ an lugon rt, Mcti Jus cutuar a th u crn.h

Flti ineqi o v iscou a nwavoe n rgshav en _ f#1US4oro t
IMi rgotrdsrs tewn span l andg hae )he ,be

Ini: Pitod Fil ho give11 overallle drag Comparisonsl bet-
mu A I', f ted a I measured ovrl dr are M I
aown in Piel ri polt "'d ncate tat, teot raubc rita

.calcuilte At iy dra Mr.i oirc I lowe thante ~ ~



13

dIIcrerane t" au'iggrits that the errors can be
largely eplained b'y riow restures not represented
entriplotely fin the^ alralyliei including: = =14~w

(a) winit/hody. tiotin'iary-layer interrerence; *0
Wh rnw curvAture And Reyniolds normal streOse 0e0Iit the t'mrh'uient shear layers; And 00 00" 0

() trainsition-trip dirag. -0/

Pig IR revenas thtat the dlrrerencen between o
Icaiuiat.'P slid moasureri drags denrease as wave Itdravg Inerras.'s ror pqach titimbora In the range n.,7 0 0 F
to,,0.11. Tire mont likely explanation fr this is 0
tht t o~k' mr~thoii overestimates wave drag, since0 7/
It In unlikely that thle estimates or the other two 0 0 oo
drag components trer'rme more aecurate as shock as 0 0

11trength Increases. On the evidenee of' studies or '.4 /-
Inviseid, two dimensional flows It Is stated In o,00 ,oe0 I
Iter An that estimates by Lock's method are pro-
btaily witiii -10 in 305 of the correct value - 40* t-0
-xr~ept At low values or rCDW ( , 0.0015) when It
c-rld I- %,' to n.notI', too high. No direct evl amIo
dent.'ti avalable onl thle errects or the bounda;ry 1-
latye or tirre-dimptipsonaiities In the nlow. 07ra
htowevar, some comparisons have been made between 0a 0 00 00pr-iirtinnsm by loctk's nmethodi and those orf'
AJlwr-igirt'e t-i,i nrt-ti,d4. In each rase based oni 01.."
caililt ions tby tile Pr method or Porsey and Carr 1

11 116 0 0 0 0 0 -.. 0
relr tha rres'iit enrriguratlon. Tfhese comparisons0
ire-t-l thait thrne-d.rrrenRIns erreets Are signir.- a 0

-1rrony i II " th on victiity or thle tip (I e .00 0 0 0 0 0

withIin at-irt or"^ -r two chords) Afril tirirs, overall,
th-i r Iirliio-.,~ it w'rv- rag may ire ignored.____________________

5 5' C 02 03 01 a 06 C 0
-II Cmn a- rcrsft _wing FtillI Comaison betweorirtn aaedn measured draga

ithr nee tirlist,irntionl is art example or' a wing design fr which Lock's method -
pti -rI ti Its ;'troet form - Is le reliable. The wing has been tested as a halr model
wuri,' h im or prorvi'1in rintd-dynamic data fr the validation or CPD methods.

I>rro iR-rs or premi t I ina by V~i' and measurements or wing pressure distributions are
11~r---dl in ii~t q. Ast part or thise strdy, M. r. P. Pirmin (RAP) has perfrmed some

c~lgirionrrof* ovn', Araf. brigtoth Lock's end Aliwrright's techniques. Results for iocal
wsv.-drp; at. sho,, ti Pig 1q. Oustboard or the shock birurcation at ii0.45 1 Lock's methodl
Is aeen in give riurir lar-get values of local wave-
drag thRan tirone or Al lwrigrt while, rurther
In zo. rd, t~ock's predictions fr the rest shock are
slightly lower on aiverage than A11wright'ls values. II.
An explanationi t -r the former discrepancy Is given0 gii.
In Pigt ?f wti,!h shows the variation with distance
from ari inrmal to the& wing surface or shock-
irptrtne Mmac i,irsi'r.

Ai ni - OjAntl . le outboard or the birur-
cationr, i1-k''r wm~iirrr predicts that the shock
r-nr at.. sr, rrtir itito the rield than Is
Indir'atri by tire wlr-R.crurotta field method or
Al .1 irh t. 'li1e reason rot thin is tbat the tint-
vatlrr of tire winig urpPr-orreept Increasesto

.v-r'f witht 4,tAnea irpstroam" or the shock on M
thi,n in or ticwn.Ti iero urvatiite at

t::e ai" i rr-d is ortiettd(vie the
o'rtgoInrg flinris Mactristits from tire wing out- a
tar-) IMr rrniteqrnert i tire rate at which M
cirangan wiih dIntair normal to the wing to in

Pig pn Also sitown that, close to the wing
stirra, wilera thle riow is stron:gly inrluenced iby
conditions At tite root of thle shock, there Is A 46
merked dtirrerence in the two predictions or the
vatriation of' If with distance from the wing.I
This discrepancy arisesl from tihe neglect of the 0 St1 55 is br,
Ierrect. or tire boundary ilayer on (a) the local flow I%" (skoIa i ofasls fbal by two aaihaeds
curvotlrp and Wh tine Inc]itnstIrn or the shock A - 4111. L - 11.110?
relative to tile wing ii'rrrsre.
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itespit. tthea- deficieiocies, Lack's method
Is usefrul in provlding a rapid Indication of sour- aA *Oi1l--1yfqhi
con or excess drag both In the early stages of the t.t Al - ti
wing design snd lAter on ast a diagnostic tool
following wind-tunnel toate. I

3.1 Bodies

Perhaps tile. firet UK attempt to us12 CPD for a 01 01 41) 04 *51i ,11
the prediction of body drag wea by Myring who
employod at vi senile/ I iviafid Interaction technique
to cal-iglate tlip subiticlal fins over axtilym-
me-tri- bodies at 7-rn Incidence, lie represented
tite lhViScid flow ovr the dispiscement surface ofr
the body snd tii. ntr'tr iay-r by a rource-riig ~
method and catcn0-it~dile vicous sheatr-layers by--
Integral methods-, coupling thle two solutions by a
filr-ct. proedure.

119ing his' ethold, Myring was able to A
desinsA 'low-drag' body, as Illustrated In
Pig i, where It In distinguished from a conven- 91 Or) *.i 0.1 O.S 04 56
tliona body or tie same thicknes ratio in sv Ing
no aiooii t~ viot Posits. Almn hown in this I- I (s4iculls At Masth samba, taus E* atack
figur- In thel varilation witli tiickness ratio Of af f.$ AStbsefs ato Wll
drag--r.' fit brat-M on surfacep area, CDA * rr
both, typc' or body, el-arty illustrating the
sutirccI rtIty of tile 'tow drag' desimn, albeit at
tile *i@i0nf a lowr boyvtm. On the other ti, RL acatia ,
hatnd, tu. ' Iw-tIpbdy hir somewhat higher 4*0I ac ct
stint ios or local? velmolti tI-s than thosw or the 0

ooi'Jciton) ti*hip. lit the region where thle atings
of an) atrcraft eightt- beivuit-d, showing the-

,rge ofor t'tirP1 etrecut componenta inS -

A ricio -itho-Is have bt-cu developed in
Ily frciliir I rictisonnic flows. over bodies,

t cI)- lie ti~-ot -nt tal mathond of Poker anid I& '

"g , x" nc spy,.-Pr e ol onaid two s,tiods of 0 6 15 to 11; Inoot
vi t~gth ',ti 'in on ror tile flow over sca t

iai'er'f a method tin been used"' to calculate bi *mtlcy
ti,,, varllt mu o-f ding with1 Marti nujmber of'

spii-rieatty-tltot-t forebolest at zero Incidence i
for Macti iiimh'os, uip tc thre limit, of validity of -O 4a-ea
the mtoI- afp-rlxat-lv unitty. An example~" S
of lii. rasonale ag- repment between predletiona by i
iuts method of presso-ir distributions and drag Is

provided1 by t'tr, ?2. Dirag In Iciferred fromal tile05 tt o
,-AI -lIn v I - by tlit, ' IocAI' l cethoid and 4am smal ta re liks,'b
correct iii to vii10.' for di seretisatlon errora In fig I 1camse. ditlbauaiact" *0a -I-Sui
tf. lii tiou -iil at in- friction drag Is app]laed to EEkcssutails 0 to, 8ahaymsel' batss
the theory to atlign predict inn and measurement at taltoiatle b 1,irt meika

t,,rrespoi~nt calculationa of drag by the
fir't of the F'ilier me-thuo-i's are sao shown In , i~~
F Iig PP. tased oii tie RP Algorithm for solving A, ~.~
ice- Fulir eqiiet ions, lin techniq1 ue is applicable a.
to) ssiaymmetrtc frt'nhoiiies'. Again tile predicted
vairittoico of utrar (by tie 'local' method) with j ~ - e
Nnei't ncimt r In the. subseiil c range is in fair
agreescecit ati measurement. This method has been
geccera)Itanu by RAP?' to incl-ide forebodles of

fenerl shape at incidence-, and le further genera-
san , I s has hecuc uprfortmid by Ai rcraft Research

Associstiocc, (AnA) Rediford' who have applied their
muittioi t-cucut iue to enable oidesliup to be con- at

(5. lit-', alve W.aiderul. Pirsnuir. distributions on the upper and armsa.i
lower sides of tile body calculated by the latter
metbod1 ar. compared with, measurement for the fore-
body of tle SAPe itnak at incidence and sidealip
angIT p in Fig P1. W3u comparisons of drag are
avai14labl hilt t.'P gr-emnln between calculated and

mcaurdpressure, distributions isureasonably good to I000 at
auggas.tot n l ialt ttle me-thod may be used to cal cu- Ec a..... fta'at, Wd bog I. ' n e
late tibe vstrtAftoii of rsa withi Mach number for phINj.5 40a et 1P ci

audiAhips
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Technig-i-a much me the last one have yet to
be comhined InteractIvely with boundnry-layer Ste f 1.k a.b.dy

cailOtion methods to predict the drag of general
bodies. Of partIesslar Interest In this connection
are fuerolgpi with npswept arterbodies.
3.11 Cowls and-nozzles

The aecurato eqicu]Rtion or turbofan cowl p
drago t in importnt Pnaideration In the design 1.2
And the porrormanre prodietion or modern transport- 1A
airerat.. To he. fully reprreetative, the C41cu- 4
ltiton method shosul sissulate the Interartion I
between the "ngin-. the rylon and ,the wing. Ibis 1X
eatinot, be dono, At present, Altso gh progress Is
being mad- In ti,. modeil i ug )fr complex con- * .. ..,

figurations (sectios 3..5) buat, as a preliminary to L IZ " orat
obtaining solution to the complete problem, two
NoethJIdA have hen programmed for~ isolated cowls.
Those mc~tlioda have a similar function to that Or
aerorol 1 methods lot providing a simple basis for F423 Uper and Is-its body l9's"5, dihsaimss.
checking1 flow lgrtm. The first method, due BAY H..k Niod.y. M 6 ~?

tofsc' u- a D~irec coupling or a rull- SSt
potential solut ion or the invIscid flow with the
lag-rtt rim-nt. method ror ti.e turbulent boundary
lay-rs. The se~cond procedusrm replaces Peace's
potontiml-flnw sch-m- by tile A. method ror
Polvirit the Puler olusinlns?".

(loidssltii"
5 

has? made comnparisons between
r'-ei C -nbiy thoe.- mat-inodsansd moas'srements or .5, ,

cowl r-nttir" drag for A n,,nmh-r of tJACA-) cowls
slmdwith tih' me" -tream. (Comparisons for the

cowl Vomr-try ftk.S"ei Ii Fig ?24 Are Shown In
Fig ',wl.~r enrwi jt.snar*drng coefficient. ins ....a.la ~ ...aa -w61... I-,
piots-d Aglitit tit- rolaf ivo-flow ratio Aw/Ac as
dci Ii is j , i g ;. fea.'s method is limited to
Marl, Tlsit'r'lr helow nhosst of uity, mind in th Is"Msni,-svil-'.r rang", It gi von gnod Agreemsent with 07 1~ ~si~,.l

5
O ,,

m-q-ir-,-t for riistv--ficw ration above thoe *57AI

for w11,i en cwl -lip mmpnrst Ion o.rumr. For low 4.4
r-)tve-fils. rist ion, the sgr-ement is less'
Rntitcfa-t-y, As mirisi b- -x;-.edl for a me,.thod *I!.c'ino A flraC-nrIer tronlnient of the sheAr layers. V

ii,- P,,1'.. met od has onily been used for
cAI-IRl-s, ait suparsonir Creedis and so a
discu-ssio (,r theae compartesons is deferred untIl
setl"n h~ wiser. metionds for nupercool.- riova Are Fig It Coul ittuaetry at defilnllsi

A nsieher of' methodr have
bee', pr-d~sc-d In IIK to calculate
thre dfRg of nfterbndtPs with pro-
pulsive jptn. in1oi"' has con-
"id-rui III- . jc . of' Act 1 iI .6 . at I 6. 51.6 t .? 1 6 41. 2 SR 5 114 #
RX1,Y.Masl.10 ars.t..dy with A

ext-rnI fl,,w t~ a ps,-e method, 10-1c a
the Jot by the co-t"

t 
Il of Mintr-, .10eo

tee at Ire on- he hou nda ry layeP.r 1
ml t.h tit- lag--sitralt imesit mtethod.
Thus tihe cc5.s iod In restricted to 4
uvolf~rmiy-nehsonl.- external flows A A of As.Of
and jet flow. which are entirely .
P-sp- rxon I ,. The "oliftIons t.o the o
variousa portso tit rlowfield are A. /A

'Itis so oaprirs relaitionshipa a4 J '~55.5?55S .? 1.A od
aire used to define Cte Aseration A . Is
And reattairim-nt points aind als csh.. .d C
the entratlnment In the mixing .01A.1
re I on. (Ictimpris.nem of prediction
by two meWtisoui'", iusrii'ing .4%
Hodges' metisni. andi measuirements -s *55'-5 ,
of afterbody pr-asisre drar for a 41 0WW
series of noz7.lo-a, ait varloist JeIt- Fig? ISaol prents. dral a, a Iasdsn of capture raio end fre-
preasure rtilos @11d for 91 - 0.6 %from* moth smmbt,
A nd 0.010 revoli that Hodges'
method ts in rePROesatle Agreement
with meAstr--nnt f,,r a'tirrl ticall
eaterisi flIow'.
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reaceii' has developed a method based on solutions of' the tuler equations In both
the ext *rnal flow And the Jet which Is not restricted to subcritical flows outside
the je-t. As In) ffrdea' procedure, the boundary layer Is calculated by the lag-entrainment
method, , hilt r-PIau'. the Direct coupling and empirical separation prediction of Hodges'
technique byd An 'It cotipling. OIn the other hand, the antrainment In the jet mixing region
In efntermin.d hy a nimpli empirical correlation.

Pig 76 pltnws plots or afterbody pressuare- Flat
draK _,nericlent Rgainst free-stream Masch number
ror an Afterbody nozzle configuration tested by a
fleubiuilh siud flutinke]l"* The predictions by the
method of fean. Ara. mn to bo In Rood alxreement
wIil Kus~rmuteuupt .one to M -1

3 .9 CamS.Let copnfigu!rations

li rerilrmouut to hue Able to calculate A--A---1
trariottlc flows ar(uujuui complex 'oigrAtltons, is M
811191 An those- Aho-n In Fig 21, hans led to the
d evel1opment At ARA, P%-irorui0.14 and at R3Ae of C(ii" lfi luftmulttbl,3ek grid gen-r-at in acheeca9. Combined sa Olvatheaafftmll isle conflivl 3I.Ce~fwith ihli e~ tochniuqiin for solvinig the Eultr Ruusais.Esueu.flrls3
equstlin, these m~tl,d hAv- h-en used for the
calculAtion of the- ffo ov-r a wide variety or
configustfuui-n, xvn arasuple beingP given In
section if. (fnwevpr, Aasssit of drivS predic-
tions try thie method Is still At, an early stage,
Andt, a nvi-v'd in setion 2, the production of-
Brurt,'uu ',irtry hy flip currait: steperition of
Ewilor solvftrs mi.- the acriurate dutormination of
draft difflilt nev-1rtifel-nn it Is envisad that
r-ls~bla SfPficatIuu nf 'li- muatfol In the future
t n,' f uuIu

I( ) l'i A fnt Iuf th- lnruAI I1-d drqK of'

(ff1 u'fu-,l'u .1 isp 'Iwti,p/uung-t

Ii f1FTllI' r IM '7ITfFn'M3r! All'fAFT

iTi" Ai rrsu "mpoul.'uts of supersonic
Piru'rsft Ara Itcsyintegrated closely aridId
Iunce the su-oysufelt."rrnc- between themu
can ba rorvsxldPrhl . roinelujently this section Is
difforanf from ilia 1 'r-orir soctIon in that no
duliu'hftl is m,]- h,.twat couspoitenta and the
mel-I f Ars e co tIifu' ndmr sprate hendings In

11.1 Generallsed iiear_ field wave dralt croarm

Ib d uouyflint methods basedeonctlare F 1 Suflt 9uu-ds to, a -0110Yh Oi .euuhfl
drns-r ule dont gl v re!lable predictIons tanuquuahtins

of x-!rn-llft wave drag led Ree (Warton) to produce
A coin based on, A simplfiled panel
matbod frt lonrau' stipor'Sonir-
flow kiw As tho O'ueir-ii i"d Near russeags 0""in is 0dues
Filid Wsvo Pis (f' h proegssu

5  
31srasn-e Zre, LM1 (u Cs

estathlimhed In tm Acrcurmcy of the -
method for A rang.t of milItAry
comlink-Slrcraft confliurfttions for
It. to ta usud in a rout.tie way 01 oxes
p ro lert ndoa ILguu, An application0IA

In Fig )RA f F the d-slg liiJliw1 fI
exercise Invol vedl rhangin~g the J I IIU
f'useag. g-om-try And pstimniting
dragt usn 1 the proceduu'e. Tb.
pskrticuilar ueiesgii alteratlon abow1
In Pig 78 inereaed -fuselagte
vollime whili ratuingrmo. itoro-lift ,?
drag iuy lit. A .omlhiustinn or
chanoe'., fsuiu As ntrAlgfut'nf igs thu. u* Iftetand Welaw 0LOG
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spine, wasting th fuselago aides, and Increasing centre-ruselage volume, reduced zero
lrt irt Z-a 5; edinreased internal ruselage volume for fuel system etc by 400 litres.

Although largely superseded by recent developments in methods for solving the Euler
eqiations, teehnlquen such as IFWD currently retain an Important function In the design
of supersonlc comba.-aircrart because they are

(a) economlretl In terms of computer time and

(b) simple to its- And to understand.

11.7 Euie/psnel program _r9or _tn/bodLeonrIsuratIons

Whil - giviig r-asonihle predictions for the flow over bodies, panel methods are not
satisfrtory for lifting evrfrneea, in general. Thus a hybrid procedure has been
programmed by IA. (Warton) uRing an Fu r code for the wing hnd a panel method for the
body55. The method has been used to predict incremental drags and pitching moments (from
Purface pressure eitegrations) for a combat aircraft configuration due to wing camber and
twist. fig ?Q rhow, that the procedure gives accurate predictions of the changes between
two diffor,t whigs over a relevant raoge of lift coaff clents.

Trim drns I" at Imptrt nt conisidration In the design of SuPWVIflSC lagP sUs tsio
combat aircraft for both subsonic and supersonic Whg 6 tisaw uid Twist
msroeuvr-s. tn:s'i.ent ly S v-rsion of the hybrid method Of A l__t.elwo
has beet: spcIfIenIIy developed at The to estimate the agmimomsiln.
vaiatn of -r-lift ipitcIng moment with Mach number.
This tchi ra tirn n used Iii a design process to dr .. . i.. -
rd," the trim drnr of a combat aircraft configuration, _ e
yieidi g a 611 rmdusrtrir in lifrt-dependent drag at the
rr1tlosi s'loi..tl| and suporsonic dpsign points. -

h. Euler methods for rorebodles-and pitot-Intske El 92 CL 0
cowls -*

'Th TIA F- r -ole for atlaymmetric rorebodies
2t  

&C,. -_ - -+ _ _- -_ - -_-
has t1-n, to-.c to calculte the vsriation of drag wIth 1 -- ------
Maeh nimor nt low r,,|,rolc speeds for the rorebody of -AC,.-esdaws
Fig 2 at 7ero inrirl-ic-. Fig ?2? show that the method
proviu. a r Aooabi.hy flU tl,, representation of the Fig 29 lensei Due I "w Cambeo
vartaf tim for Maoh itisluhrs between I and 1.P. Ca an Mo WWndTwmi Mi"

As noted Iin ttion i1, calculations have been made of cowl pressure drag by a ver-
slot, of tho PAP Filer cud7A for pitot cowls (Fig 2A) at supersonic speeds. Fig 25 shows
that Iur-4,11 ions by this metiod are in good agreement with measurement.

'.'I EuJer/MuJ-t block method

Althou gh metiho.t suctih as those described In section A.i and 0.2 have demonstrated
their useurjlness a enigineering tools, increasing use will be made in the future or
methods nouch an the APA/M^e F.ul-r/Multiblock code, s noted in section 3.5. The appli-
catio) or thIn meth.d tn wing/body conrfurationa representative of supersonic combat
airrafrt ir describel .'tu, asts-sed in Re& 56. In this study, drag Is determined by the
'Jocal' metli SuI thur needs to be regarded with caution because of the sensitivity of
the mthull I,, ,ilmethsattot errors.A study has been made of the effect on drag oflgrid
stmrotite % id 4^unty but this was not conclusiveif. Therefore the assessment of the
methbol has titi br-,A m inly upon comprilsons with measurementa of wing pressure diatri-
tutictis I overall fores mat- on two half models. In order that the comparison Is not
arrrted tv eatranor effets cirh as these due to the Interaction between the halr body
ad th- stiewnil t-,ivtry layer, overall force measurements on the body alone are
s1ubtrapted fr,,n tho-- or the winr/tody configuration at Pach angle of incidence and an
snalogoi procedulut Is used In
the calei,tiatoi by the CVl'
method. Compnrlanti are shown -v a
In rig 3l for M - I .6 and for CL -- nww SN ,Om him
one of the wings studled, the § l's4" , .'""
calculated vallue of' drg roef-
ficient havting beeii Increased b
0.005" to aIlow for sakin rriction *)
(assumed to be unaffprted by wing
Incldencer, thickness nnd camher), . l
The agreement htweer calculation

nd measurement I. on the who]l, hi
fair. tlirfretce betwen re-
dietot and ma,ir .ert of ift at i
angles or incidence Above about 6 * so$ A • B 0 - *Sl l 15 t 5((0t sl
can be exlained by tiop effects or

shock-induced separation not alim,- fig15 Os.ais W11, Or*q sld sflthIAs mssh uepaai:n WtuVe. hltl
1st,-fd In the cirtllr ilo method. sal ntp

5
inls. H , 16, Whmi A

The obvious dia .repancicla between
eleulation suln, m-suremen t of drag
at low lift is hlieved to he clue mainly to Inaccurate predictions of suction near the
Ieading.-edge.



4.5 !hlal's.nsltisrid metthod

Woodward" hn listsed Hail's moultigrid methods
7 0 for solving the Euler equation. Pre-

vioisy vroontinoe In section 3.1, to study the wave drag of aerofoils with rounded
leading--dg-s Atxsupermonic free stream speeds. This method Is particularly suitable for

studing i ns oftit s knd IeIt has% an unusually large number of grid points In the
i"Ariing-edge region endis thus able to represent accurately the atrong detached srhock and
the rapid spatiel rhngaor in thep flow near the leading edge.

Pig 31 il lusrt pates some of
the resuilts obtained by Woodward 111ss 0 %asfor wave dragx by the local'
method and shows rive effect on thea
variation of way. drag with lift (Dw - Ig *o

o f chaniting no t- r di usa. At x rooi
lift an optimuolm nose raius of 94
asl lift inre.e, tuer optimum zera Nil
vaslue heroin-asaller. This gesa ea44 ways drag
interestinig result. Illustrates tova of
veil then Ability of C.FI to provido sets fil
r-latively ravpid unonemmnts of lats fell
drag di f fr-nen it- tLI change in,

yetij p r i, "Fit vI or 1, iit intSo.
yi~f f-t i 'p F1 ii-II ,wii ,op.I in i3 fatedgtsuialli si wave drag with fii fer varying
r-i L-,qil nt~ vi,- t ite toe - raiuts ase is. it * 1.1

I sri t - il

-T 11--itt,-lt nhsp'- nf Aircraft componeontsr At the preliminary stag-s of the

- n i -o dt-tp ,tti disptiti of soiurces of unwanted dreg.

- ns-eponth-nc ofwittann-1 dreg data to 'full acale'.

Pttt -i i -nt-tI or. tnt1ti to num-rI rsl methods for solving the Fuler equation
t o r^hrel"-"liii^t -rf drag predictions by these methods to grid density. Such

iiyu.1o1  .",,I w--thi i - muijthIn-k schameti to be exploited to calculate the drag of
complex cotirIg-natitn., And, As such, would be a step In the direction away from the
cuirrent Iorpneo not wind-tunol t-ns.

ii! m-itd of solving the Reynoida-ave raged, Navier-Stokes equation have yet to
Mal- ao .I Etifraic- impart as technoliues for drag prediction. Future developments In this
ilrs da1 -eti- Ie mitiy o Improtemelits being mand- to the turbulence models used, and the
pr-v-1penn~ of tii'rn h-illg effecteod In the n-str term are uncertain. Thus viscous/'invtscid
I~lrv I lit lliltifltlr tire espmcted to continue to feature prominently In UK drag pre-
dieti-,n mev~iiod- fr? Rome time to rome.
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